Youth with type 1 diabetes have worse cardiovascular (CV) risk factors and higher carotid intima-media thickness (IMT) than their peers without diabetes. Whether the burden of CV risk factors over time is associated with carotid IMT at follow-up in youth with type 1 diabetes is not known.
diabetes onset, male sex, adiposity, higher blood pressure (BP) and hemoglobin A 1c (HbA 1c ), and lower vitamin C levels (8, 9, 11) . Only one study has evaluated CVD risk factors longitudinally and the association with carotid IMT progression in youth with type 1 diabetes (14) . In a German cohort of 70 youth with type 1 diabetes, Dalla Pozza et al. (14) demonstrated that CVD risk factors, including BMI z score (BMIz), systolic BP, and HbA 1c , worsened over time. They also found that baseline HbA 1c and baseline and follow-up systolic BP were significant predictors of change in carotid IMT over 4 years. No studies have evaluated CVD risk factors over time in a U.S. cohort, and no study has attempted to quantify the burden of CVD risk factors over time on carotid IMT.
Thus, the aims of the current study were 1) to evaluate CVD risk factors over time in youth with type 1 diabetes by using measurements that incorporate risk factor data from a baseline and follow-up visit, and 2) to determine the association between the burden of CVD risk factors over time and follow-up carotid IMT.
We hypothesized that a worse CVD risk factor burden over time will be associated with a higher carotid IMT at follow-up.
RESEARCH DESIGN AND METHODS

Study Participants
Participants in this study were enrolled in SEARCH CVD, an ancillary study to the SEARCH for Diabetes in Youth that was conducted in two of the five SEARCH centers (Colorado and Ohio). Extensive details of the main SEARCH study have been published and are summarized by Hamman et al. (15) . Participants were eligible for SEARCH CVD if they had physician-diagnosed type 1 diabetes. The baseline SEARCH visit of 406 participants with type 1 diabetes was conducted in [2004] [2005] and included questionnaires, demographics, anthropometrics, and laboratory data. A followup SEARCH CVD visit was conducted between 2009 and 2011, where questionnaires, demographics, anthropometrics, and laboratory data were repeated and carotid IMT measurements were obtained. The goal of the follow-up study was to recruit .200 adolescents with type 1 diabetes from the original cohort. This report includes 298 youth who completed both baseline and follow-up SEARCH CVD visits (16, 17) . The study was reviewed and approved by each local institutional review board, and all participants provided written informed consent or assent.
Anthropometric and Metabolic Measurements
The baseline and follow-up research visits followed the same standard protocol (16, 17) . Each visit was conducted after at least an 8-h fast. Medications, including short-acting insulin, were withheld until blood draw was completed. Race and ethnicity were self-reported, and participants were categorized as non-Hispanic White (NHW) or other racial/ethnic group (Hispanic, African American, and Asian/Pacific Islander). Participants completed standardized questionnaires for medical history, medications, and smoking status (never, former [no cigarettes in the past 30 days], or current) (18) . Height and weight were measured twice during each visit and averaged. BMI was calculated as an average of two measures of weight (kg) divided by height in meters squared, and age and sex-specific BMIz were derived (19) . Resting systolic and diastolic BPs were measured three times with an aneroid sphygmomanometer and averaged. Mean arterial pressure (MAP) was calculated as ([2 3 diastolic BP] 1 systolic BP) / 3.
Measurements of HbA 1c , total cholesterol, triglycerides, and HDL cholesterol (HDL-C) were performed as previously described (17) . LDL cholesterol (LDL-C) was calculated by the Friedewald equation or measured by beta quantification if triglycerides were $400 mg/dL.
Definitions of CVD Risk Factors
The thresholds for defining CVD risk factors in this study were generated from published criteria for ideal targets in youth with diabetes (20) (21) (22) . CVD risk factors were defined as present if 1) BMI $85th percentile for sex and age; 2) systolic or diastolic BP $90th percentile for sex, age, and height; 3) LDL-C $130 mg/dL; 4) HDL-C #30 mg/dL; 5) triglycerides $130 mg/dL if age $10 years or $100 mg/dL if age ,9 years; 6) HbA 1c $7.5%; or 7) patient-reported status as a current smoker.
Carotid Outcome Measurements
Carotid IMT measurements were obtained using standardized B-mode ultrasound images from the right-and leftside neck at the common, bifurcation (bulb), and internal carotid arteries in the longitudinal and transverse views. To determine significant CVD risk factors associated with carotid IMT, a stepwise approach was taken using general linear models. All models adjusted for age at baseline (in years), race (NHW vs. other), sex (male vs. female), duration of diabetes at follow-up (in years), and clinic site (OH vs. CO). An area under the curve (AUC) measurement (a continuous variable) for each CVD risk factor (except smoking) was derived using baseline and follow-up data and length of time between visits. Separate models were explored for common, bulb, and internal carotid IMT. Models 1-5 explored individual effects of AUC measurements of standard lipids, BP, insulin sensitivity, HbA 1c , and BMI over time on carotid IMT. Model 6 assessed the association between current smoking status (yes/no) at either the baseline or the follow-up visit and carotid IMT.
Model 1 assessed the effects of the LDL-C, HDL-C, and triglycerides AUC. Model 2 assessed MAP AUC. MAP was used instead of systolic or diastolic BP to account for baseline distending pressure of the artery wall (23) . Model 3 included insulin sensitivity AUC because lower insulin sensitivity (or insulin resistance) is believed to partially explain some of the increased CVD risk in youth with type 1 diabetes (24). Insulin sensitivity was estimated using the following equation: log IS = 4.64725 2 0.02032 3 waist in cm 2 0.00235 3 TG in mg/dL 2 0.09779 3 HbA 1c %. This equation was developed and validated using direct measurements of glucose disposal rate from euglycemic-hyperinsulinemic clamps (25) . Model 4 evaluated HbA 1c AUC, model 5 assessed BMIz AUC, and model 6 evaluated smoking. Model 7 included all significant variables from models 1-6 and can be viewed as the overall model. For all models, variables with P , 0.05 were considered significant.
RESULTS
Characteristics of SEARCH participants at baseline and follow-up are presented in Table 1 . At the initial visit, youth with type 1 diabetes were a mean age of 13.3 6 2.9 years (range 7.6-21.3 years) and had an average disease duration of 3.6 6 3.3 years. NHW accounted for 87.6% of the cohort, and 53.7% of the cohort was male. At baseline, 3.4% of the cohort reported to be currently smoking. Four participants reported taking an ACE inhibitor/angiotensin receptor blocker, and one reported use of a lipid-lowering medication.
Follow-up data were obtained at a mean age of 19.2 6 2.7 years, when the average duration of type 1 diabetes was 10.1 6 3.9 years. At follow-up, frequency of current smoking had increased to 23.8%. CVD risk factors, including BMIz, systolic and diastolic BP, HbA 1c , lipid levels, and insulin sensitivity, were all significantly worse at follow-up except for LDL-C, which was not significantly different. At follow-up, 12 (3.0%) participants reported taking an ACE inhibitor/angiotensin receptor blocker, and 25 (6.0%) reported taking a lipid-lowering drug. Table 2 shows the frequency of CVD risk factors at baseline and follow-up. At baseline, high HbA 1c was the most common CVD risk factor, present in 72.6% of the cohort. High BMI was observed in 26.7%. High LDL-C level was the most common lipid abnormality, present in 10.3%. Forty percent of participants had two or more CV risk factors ( Fig. 1) .
CVD Risk Factors
At follow-up, the frequency of participants in each risk category increased significantly, except for HDL-C where the frequency decreased significantly from baseline to follow-up (all P , 0.05). At follow-up, high BMI was present in more than one-third of the cohort, and high triglyceride levels were the most frequently observed lipid abnormality (32.3%). Figure 1 shows that more than one-half (53%) of participants had two or more CVD risk factors at follow-up.
Predictors of Follow-up Carotid IMT
At follow-up, the mean IMT for youth with type 1 diabetes in the common carotid was 0.60 6 0.10 mm, the bulb IMT was 0.62 6 0.10 mm, and the internal IMT was 0.55 6 0.12 mm. General linear models were constructed to explore risk factors associated with follow-up common, bulb, and internal carotid IMT (Table 3A-C) . Older age at the baseline visit and male sex were significantly associated with all carotid IMT outcomes. HDL-C AUC (model 1), MAP (model 2), insulin sensitivity AUC (model 3), and BMIz AUC (model 5) were significantly associated with follow-up common carotid IMT after adjusting for age, race, sex, duration of diabetes, and clinic site. However, in the final model (model 7) for common carotid IMT that included each significant CV risk factor, only BMIz was significant. Similarly, HDL-C AUC, insulin sensitivity AUC, and BMIz AUC were associated with follow-up internal carotid IMT, but in the final model, only BMIz AUC was significant. HbA 1c AUC and smoking were not associated with any carotid IMT outcomes in either the individual models or the final model. Of all the CVD risk factors explored, higher BMIz AUC was the only one significantly associated with follow-up common and internal carotid IMT in multivariable analyses. A borderline association was also observed for BMIz AUC and the carotid bulb IMT (P 5 0.075).
CONCLUSIONS
This study demonstrates for the first time to our knowledge that the degree and burden of CVD risk factors increases over time in youth with type 1 diabetes. This study also shows that higher BMIz over time was the only modifiable risk factor associated with follow-up carotid IMT. Previous cross-sectional studies have demonstrated that adolescents with type 1 diabetes have worse CVD risk profiles and higher carotid IMT than control subjects (8) (9) (10) (11) (12) (13) . Risk factors shown to associate with higher IMT are age of diabetes onset; higher adiposity, lipid levels, BP, and HbA 1c ; and lower vitamin C levels (8, 9, 11) . Specifically, Dalla Pozza et al. (14) found that younger age at diabetes onset, systolic BP (mean 111.3 6 11.3 mmHg) and total cholesterol levels (mean for females 185 6 32.0 mg/dL, mean for males 168 6 28.4 mg/dL) were significantly associated with a higher common carotid IMT in adolescents at age 14 years. In addition, Heilman et al. (9) found HbA 1c (mean 9.8 6 1.5%) was borderline associated with a higher carotid IMT (r 5 0.39, P 5 0.05).
Before the current study, no published reports had assessed the impact of changes in CVD risk factors and carotid IMT in U.S. adolescents with type 1 diabetes. A study conducted in 70 German children with type 1 diabetes (mean baseline age 12.6 6 2.5 years) examined longitudinally the effect of CVD risk factors on carotid IMT, reporting that over 4 years, BMIz, systolic BP, and HbA 1c worsened, whereas LDL-C and HDL-C did not (14) . Additionally, the authors noted that higher baseline HbA 1c and higher baseline and follow-up systolic BP were signficantly associated with change in carotid IMT over time in linear regression models. Limitations of that study included loss of .50% of the original cohort, use of individual baseline and follow-up CVD risk factor data instead of an AUC measurement that accounts for burden of risk factors over time, and no report of diastolic BP, triglycerides, or insulin sensitivity measurements (14) .
In the current study, we show that older age (at baseline) and male sex were significantly associated with follow-up IMT. By using AUC measurements, we also show that a higher BMIz exposure over ;5 years was significantly associated with IMT at follow-up. From baseline to follow-up, the mean BMI increased from within normal limits (26, 27) . This large change in BMI may explain why BMIz was the only modifiable risk factor to be associated with follow-up IMT in the final models. Whether the observed increase in BMIz over time is part of the natural evolution of diabetes, aging in an obesogenic society, or a consequence of intensive insulin therapy is not known. However, this finding points to obesity as a common CVD risk factor in both type 1 and type 2 diabetes, despite the clear differences in the pathophysiology of the two types of diabetes. Weight loss in obese adolescents has been shown to be beneficial at improving carotid IMT (28, 29) . Whether weight loss improves carotid IMT and reduces CVD risk in youth with type 1 diabetes remains to be determined.
After adjusting for baseline covariates, we found no association between lipids, BP, and HbA 1c over time and follow-up IMT. The reasons for the lack of independent association are not known, but we postulate that although total cholesterol, HDL-C, triglycerides, and systolic and diastolic BP worsened over time, the mean values at baseline and follow-up remained below thresholds defined as CVD risk factors (20) (21) (22) . This could explain the discrepant results between our study and the study by Dalla Pozza et al. (14) , in which an association between mean systolic BP and change in IMT over time was observed. The systolic BP at follow-up in the Dalla Pozza et al. cohort was in the prehypertension range (mean systolic BP 122 6 11.5 mmHg), whereas that in the current study at follow-up BP was in the normal range (mean systolic BP 112 6 10 mmHg). Alternatively, lipid levels and BP may only be important CVD risk factors when duration of diabetes has been .5 years. Similar findings have been observed in the Diabetes Control and Complications Trial (DCCT) and its follow-up cohort the Epidemiology of Diabetes Interventions and Complications (EDIC) study, where traditional CVD factors did not associate with future IMT until nearly one decade later (30) . This may also explain why HbA 1c AUC, although clearly abnormal at both baseline and followup, was not associated with follow-up carotid IMT in the current study. Continued on p. 423 Table 3 Current smoking status (at either baseline or follow-up) was also not associated with carotid IMT. Potential explanations for this lack of association may be due to underreporting of selfreported smoking behaviors (31) . Additionally, the duration of smoking may have been short, or the quantity of cigarettes smoked may have been too small to have detectable effects on the vasculature. Finally, there may be a threshold effect of smoking (in terms of both dose and duration) at which accelerated vascular changes occur. Given that prior work in middle-aged adults has clearly documented adverse effects of smoking on the vasculature (32), additional studies with quantification of cotinine are needed before conclusions can be drawn about the effects of smoking on carotid IMT in youth with type 1 diabetes.
Similar to studies in adults (30), we identified few risk factors that associate with follow-up carotid IMT. Other work, including previously published data from our group, suggested that worsening insulin resistance (or decreased insulin sensitivity) may be an important CVD risk factor in youth with type 1 diabetes (33) . However, after adjusting for BMIz in the current study, we did not find a statistically significant association between insulin sensitivity AUC and follow-up IMT, despite the worsening of insulin sensitivity over time. This finding suggests that the duration or degree of exposure may be important.
Data from the DCCT/EDIC cohorts have suggested nontraditional risk factors, including acute phase reactants, thrombolytic factors, cytokines/adipokines (34), oxidized LDL, and advanced glycation end products (30) may be important biomarkers of increased CVD risk in adults with type 1 diabetes. However, many of these nontraditional risk factors, including acute phase reactants, thrombolytic factors, and cytokines/ adipokines, were not found to associate with IMT until 8-12 years after the DCCT ended, at the time when traditional CVD risk factors were also found to predict IMT. Collectively, these findings suggest that many traditional and nontraditional risk factors are not identified as relevant until later in the atherosclerotic process and highlight the critical need to better identify risk factors that may influence carotid IMT early in the course of type 1 diabetes because these may be important modifiable CVD risk factors of focus in the adolescent population.
Strengths of the current study include a large cohort of youth with type 1 diabetes, follow-up CVD risk factor data after 5 years (the longest followup to date in youth), and the ability to evaluate the association between CVD risk factors over time and followup IMT in a young adolescent cohort (mean age 18 years at follow-up). Limitations of the study include carotid IMT measurements obtained only at one time point, lack of physical activity data, and the inability to assess nontraditional biomarkers. Additionally, we quantified adiposity only in terms of BMI, which does not capture information on lean body mass or types of fat. Finally, generalizability of the results to other type 1 diabetes cohorts with a worse CVD risk profile may be limited. However, the risk factor profile we report is consistent with that of the larger SEARCH cohort (35) , large type 1 diabetes cohorts in the U.S. and U.K. (36, 37) , and the DCCT study cohort at baseline (38).
In conclusion, we demonstrate that the CVD risk factor burden increases over time in youth with type 1 diabetes. Although BMIz was the only identified risk factor to predict follow-up IMT at this age, it is possible that increases in dyslipidemia, BP, smoking, and HbA 1c are related to carotid IMT but only after longer duration of exposure.
